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Abstract: The properties of CdTe for application as a radiation detector are influenced 
through the presence of deep levels in the bang gap. These energy levels complicate the 
charge collection and the detector efficiency. Contactless resistivity mapping 
(COREMA) represents a good option for material characterization without the necessity 
of metal contacts application. The time-dependent charge measurement was investigated 
on an adjusted apparatus in FMF Freiburg. Theoretical model of charge transport 
based on band bending on the sample surface was proposed and a non-exponential 
behavior was calculated. Using this, the resulted parameter tendencies and their 
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Semiconductor materials can be used as radiation detectors using the inner 
photoelectric effect or Compton effect. One-component materials (silicon, 
germanium) were thoroughly studied and are used as detectors and electronic 
devices. Their main disadvantage is a lower atomic number resulting in a small 
attenuation of high energy photons and a smaller band gap. These types of detectors 
must be therefore usually cooled down to work properly.  
Many other semiconductors are studied due to applications in photoelectric 
devices (photodetectors, photovoltaics, opto-electrical devices etc.). The two- or 
three-component compounds of III-V or II-VI are frequently used to fabricate 
materials with individual properties adjusted to the specific application. 
Some compounds, such as CdTe and CdZnTe, can be used as a room 
temperature x-ray and gamma-ray detectors with a good signal-to-noise ratio, see 
Ref. [1]. 
 
1.1   CdTe, CdZnTe 
 
Cadmium Telluride has a relatively high atomic number  . The absorption of 
high-energy radiation by photoelectric effect depends on 4-5 order of magnitude of 
 . 
The band gap is high enough for the material to be used as a detector at room 
temperature. 
atomicnumber ZCd=48 ZTe=52 
band gap energy 1.45eV 




effective mass of electrons (holes) 0.11 me0 (0.6 me0) 
 




The basic requirements for a radiation detector are high resistivity (to 
improve the s/n
1
 ratio) and high mobility-lifetime product. CdTe can be grown as a 
highly resistive material using the process of compensation. A near midgap deep 
level is either inserted into the band gap by doping or is naturally present due to 
native defects or their complexes. Its role is to compensate the concentration 





 Ωcm can be achieved (Ref. [3]). However any energy states in the band gap 
can act as recombination centers or traps and can effectively worsen the charge 
collection efficiency of the material. Therefore a study of deep energy levels and 
identification of their origin can be significant for a production of high quality 
radiation detectors.  
There are many options for deep level investigation, e.g. termo-electric effect 
spectroscopy (TEES), deep level transient spectroscopy (DLTS), photoinduced 
current spectroscopy (PICTS),  thermally stimulated currents (TSC) etc., see Ref. [4]-
[6]. 
Studies have shown (e.g. Ref. [7], [8]) that the surface treatment of CdTe 
plays a vital role in modification of device properties and can be applied for various 
applications of the material. The role of the surface states in CdTe-based compounds 
has been studied e.g. in Ref. [9]. 
The three-component compound CdZnTe has a higher band gap energy and 
its use as a radiation detector has been described e.g. in Ref. [10].  
The characterization of the material properties can be made using various 
experiments e.g. the charge collection efficiency measurement. In Ref. [11] a 
photocurrent measurement was analyzed to determine the mobility-lifetime product. 
These measurements are done using electrical contacts on the sample. However, 
contacting can cause structural changes of the interface layer, and in result also the 
properties of the metal/CdTe/metal structure. In order to characterize only the 
properties of the CdTe or CdZnTe material contactless methods are optimal. Among 
them contactless resistivity measurement COREMA (also called the “Time 
dependent charge measurement”) is widely used.  
This method is described in Ref. [12]. A modified setup, as described in  
Ref. [13], can be used to measure contactless photoconductivity. 
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1.2   Goal of the thesis 
 
The first aim of the master thesis is to design an upgrade of the contactless 
resistivity measurement apparatus. Resistivity and photoconductivity of CdTe 
samples should be investigated under higher voltage application and other different 
parameter setups. The theory of the measurement method should be closely studied. 
The results are to be analyzed depending on the set parameters.  
Using the photoluminescence and deep level spectroscopy measurement 
regions of samples with different recombination rate (observed by contactless 
resistivity and photoconductivity mapping) should be assessed. The main goal of the 
master thesis is to compare the deep level spectroscopy, resistivity and 
photoconductivity measurement and determine a correlation between them. 
Depending on this the factors influencing the recombination rate in semiinsulating 
CdTe are to be specified.  
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2   Theory 
 
2.1   Shockley-Read-Hall recombination model 
 
The Shockley-Read-Hall recombination model describes the statistics of 
electron and hole recombination and generation in semiconductors. It was introduced 
in 1952 in two Physical Review letters (Ref. [14], [15]). 
Due to the periodicity and crystal structure of atoms in semiconductors the 
energy levels that one charge-carrier can have form bands. Last band fully filled is 
called the valence band and in the higher energies it is followed by a band of 
forbidden energy states called the band gap. Next band is called the conduction band. 
The width of the band gap varies from one semiconductor to another. In 
semiconductors, if an electron is emitted from the valence band a vacant state 
remains there. This state is also electrically active, can move within the energy band, 
has an inverse charge and is called a hole. 
If there are some impurities or mechanical defects in a semiconductor, the 
band structure is disrupted and additional allowed energy states can be formed in the 
band gap, where charge-carriers can be trapped. If the level is far away from the 
Fermi energy on which the presence probability of an electron occupation is 50% it 
is called a shallow donor or acceptor; otherwise we speak of deep levels. These are 
furthermore called recombination centers if the trapping probability of an electron 
and a hole are equal. If trapping probability of one carrier type dominates, we speak 
of traps. 
The statistics of the trapping mechanism is given in Ref. [16]. 
We assume one energy level inside the band gap with the concentration    
and energy   . The trapping cross-section will be    and    for electrons and for 
holes, respectively. The concentration of already trapped electrons on the deep level 
is   . Because the electrons can be trapped only on an empty state of the deep level, 
the trapping rate of an electron on the deep level can be expressed as 
                         (1) 
Here    is the speed of the electron and   is the concentration of free electrons. 
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Otherwise the holes can only be trapped on a deep level state filled with an 
electron, therefore the trapping rate of holes is 
               (2) 
Here    is the hole speed and   the concentration of holes. 
Trapping of the charge carrier is not the only process taking place in the band 
structure. The trapped carrier can be thermally released back to the conduction or 
valence band, with the probability    and    respectively for electrons and holes. 
In thermodynamic equilibrium (with the values subscripted with 0), we can 
write 
    
  
                    (3) 
Because in the equilibrium the free electron concentration does not change, 
we can write 
 
    
  
  
    
  
 (4) 
Electrons follow the Fermi-Dirac distribution function 
 
        
  
     
     
  
   
 (5) 
Here   is the Boltzmann constant and   is the temperature. 
If we compare the equations (4) and (5) and use the Fermi-Dirac distribution 
for the free electrons          
  
  
 , where    are the states in the conduction 
band, we obtain  
 
            
   
  
  (6) 
Therefore 
 
                
  
  
         (7) 
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where    stands for the concentration of electrons in the case of the Fermi level 
being pinned to the deep level. 
Simultaneously for holes the following equation is valid 
                       (8) 
Now we get the differential equations for the trapping process 
   
  
                     (9) 
   
  
                      (10) 
    
  
                                      (11) 
where   is the charge generation rate. 
The trapped electron has two options, to recombine with a hole or to be 
thermally excited to the conduction band. If the trapping cross-sections of both 
charge carriers are similar, the hole is trapped quickly, the electron does not have to 
wait and both carriers recombine; the deep level works as a recombination center. If 
the electron trapping cross-section is bigger than the hole cross-section, the electron 
has to wait for a hole to be trapped and it is likelier that it is thermally excited back to 
the conduction level. The level then works as an electron trap, as mentioned above. 
The trapped carriers cannot contribute to the electrical current in the material 
and if the semiconductor is used as a radiation detector, the deep level influences the 







As mentioned above, for the use of CdTe as a radiation detector with good 
signal-to-noise ratio, it is necessary to have a high resistivity material. The intrinsic 
resistivity of CdTe is about 10
9 
Ωcm and normally it is not possible to grow a 
perfectly pure crystal without any defects. These defects (both native defects and 
foreign impurities) form both donor or acceptor states in the band gap. Undoped 
material is typically low-resistivity p-type due to formation of Cd vacancies that act 
as acceptors. To achieve the high resistivity, the concentration of shallow donor and 
acceptor levels has to be nearly equal. A deep, near midgap level, which 
compensates the difference between the shallow level concentrations is introduced 
into the material. The mechanism of compensation is described in Ref. [3] and 





Fig. 1 Initial state of compensation process, all levels are neutral  
 
Assuming the material has a shallow donor concentration ND, shallow 
acceptor concentration NA, deep level concentration NDL and assuming 
       (12) 
the donor electrons will recombine with the acceptor holes. The donors will be fully 
ionized, but the acceptors will be only partially ionized, as shown in Fig. 2. Now the 






Fig. 2 Compensation process, partially ionized acceptors  
 
The spontaneously emitted electrons from the deep donors will recombine 
with the acceptors, so that the acceptors become fully ionized, if 
            (13) 





Fig. 3 Compensation process, partially ionized deep donors  
 
Now the electric neutrality equation is fulfilled, free electrons can only be 
emitted from the neutral state of the deep level, which is the same as if the Fermi 





2.3  Photoluminescence 
 
Photoluminescence is a characterization method often used to study 
semiconductors. It is a luminescence caused by absorption of photons. The incoming 
photons give their energy to electrons in the valence band, thus exciting them to a 
higher energy state, which is mostly in the conduction band. Now the electrons find 
themselves in thermo dynamical non-equilibrium and move back to the initial state. 
The energy they have can be emitted again as a photon or it can be transferred to the 
crystal lattice in the form of phonons, see Fig. 4. 
 
Fig. 4 Basic luminescence scheme in a semiconductor  
 
To describe the dynamics of the process an average time of this energy exchange is 
introduced as     for the exchange with the lattice and    for the return to the initial 
state with the photon emission, as described in Ref. [17]. The reciprocal value of this 
variable gives the probability of the transition over a period of time. The overall 










According to this a differential equation for the electrons can be written as 
   
  






where G stands for the generation of the electron by absorbing the energy of photons 
incoming from an external illumination source. 
The emitted photons created by the radiant exchange have energy equal to the 
energy difference between the excited and initial state. These photons can be focused 
into a spectrometer and their energy can be evaluated. This is a means to study the 
energy levels in the semiconductor. 
  
2.4  Photoconductivity 
 
If a semiconductor material is illuminated, electrons can be emitted from the 
initial state into the conduction band. It changes the equilibrium concentration and 
charge carriers are generated. When the illumination energy is high enough (at least 
as the bang gap) electrons can be emitted from the valence band. The charge carrier 
concentration changes in both the valence and conduction bands. 
         
        
(16) 
Here the     are the electron and hole concentrations in valence and conduction 
band, respectively. Equilibrium concentrations are       and       are the 
concetration of charge carriers generated by the illumination. 
Charge carriers can also be generated from impurity states in the band gap 
(shallow donors or acceptors). 
The main equation for the charge transport in semiconductors is the drift-
diffusion equation (here written for electrons). 
                           (17) 
The first part of the equation determines the drift. Here   is the electron charge,   is 
the electron concetration,    the mobility of the electron,   the electrical field 
applied to the semiconductor. The diffusion is described in the second part of the 
equation with   as the Boltzmann constant and   as the temperature. The final part of 
the equation describes the Soret effect with the Soret coefficient   . This effect is 
usually neglected in the calculations. 
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The drift part of the equation can be rewritten using a relation for the 
conductivity 
           (18) 
as 
              (19) 
This is the formulation of Ohm’s law. 
If we apply voltage to a semiconductor and illuminate it afterwards, we can 
see a change in the conductivity of the material. This is because of the additional 
charge carriers, which can contribute to the conductivity. 
                                      
                
          
(20) 
The conductivity caused by the additional charge carriers generated with the 
illumination is called photoconductivity. Depending on the initial state of the 
generated charge carries we can have band gap photoconductivity, where both types 
of carriers mostly have the same concentration and contribute equally to the 
conductivity. Or we can have impurity state photoconductivity, where only one type 
of charge carriers is contributing. The impurity photoconductivity requires lower 
energy of the illumination for the additional charge carriers to be generated. 
Because the amount of carriers generated with the illumination    depends 
on the photon flow   and can be expressed using the carrier lifetime   
 
   
     
   
 (21)
2 
this phenomenon can be used to measure the incoming light intensity.  
 
2.5  Charge collection 
 
To characterize the ability of a material for use as a photodetector the charge 
collection efficiency is used. This is the outcome of the so called Hecht equation, 
                                                          
2
   is the wavelength dependable ratio of absorbed and incoming photons 
w A is the volume illuminated volume of the material  
12 
 
Ref. [18]. The derivation of the Hecht equation uses the Shockley-Ramo theorem, 
Ref. [19].  
Let us assume a planar detector, biased with voltage  , with the distance 
between the contacts  . As a result of illumination charge carriers are generated. If 
the negative contact is illuminated electrons will drift through the detector towards 
the positive contact. On their way, they can recombine. 
 
Fig. 5 Schematic of the charge collection in a photodetector  
 
The moving carriers will have the velocity 
 




If we set the   coordinate origin in the negative contact (see Fig. 5) and the 
carriers are generated in    , after time   they will have moved to 
      (23) 
On this way the charge carriers will be trapped and depending on the 
coordinate   the remaining charge carriers will be 
 
           
  
 
   (24) 
where    is the lifetime of the carriers. 
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Integrating the charge through the detector (till the time  
  
  
 , when the 
charge carriers reach the electrical contact) and assuming the voltage in the detector 




   
  
    
  
  
      (25) 
Measuring the charge collection with different bias voltages allows 
determining the     product. This is a valuable characterisation parameter for the 
ability of the material to be used as a radiation detector. 
The connection between the photoconductivity and charge collection has been 
described in Ref. [11]. Here the photocurrent has been approximated with Hecht’s 
relation.  
Toney et al. (Ref. [20]) have used photocurrent mapping for study of the 








2.6  Contactless method of resistivity measurement 
 
The contactless measurement of a sample resistivity by using time-dependent 
charge measurement is a method first developed at the Frauenhofer Institute for 
material science in Freiburg, Germany. The first paper published about this 
measurement was by  R.Stibal in 1991 (Ref. [12]).  
The sample resistivity can be determined without the need of preparation of 
ohmic contacts on the sample, which are otherwise necessary, e.g. for Hall 
measurements. The resistivity evaluation uses only relative units. Therefore there are 
no specific requirements for the sample, only a certain level of flatness of the 





Ωcm can be measured using the time-dependent charge measurement.  
It is shown in Fig. 6 that the results of this method have a very good 
correlation with the Hall measurement, in the van de Pauw mode. The presented 
measurement was performed on GaAs samples. 
 
Fig. 6 Correlation between resistivity       measured by the 
TDCM technique with van de Pauw Hall data   , Ref. [12] 
 
 
Basic layout of the experiment is shown in Fig. 7. The setup consists of a 
back electrode on which the sample is placed. Over it is the measuring electrode 





Fig. 7 Basic layout of the experiment, Ref. [12]  
 
Between the sample and the probe is an air gap, according to Ref. [12] 
usually about 0,1mm thick. This gap can be visualized in the electric scheme as a 
capacitor with the capacity CA. The sample then has a capacity CS and resistance RS 
in a parallel connection to each other and in a serial connection to the air gap 
capacity. 
The equivalent scheme is shown in Fig. 8. 
 
Fig. 8 Equivalent arrangement of the electrical circuit of the 
measurement, Ref. [12] 
 
 
The characteristics of this scheme can be calculated using Kirchhoff’s laws 
and the Laplace transformation. 
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In accordance to Kirchhoff’s second law we know that the voltage on the source UZ 
is the voltage in the layout, in this case the sum of the voltages on the sample US and 
on the air gap UA. 
           (26) 
The voltage on the sample remains the same 
            (27) 
Simultaneously the current flowing out of the sample must be the current on 
the air gap 
             (28) 
For the resistance and capacitor voltages the following equations apply 
           (29) 
 
    
 
  
     (30) 
Using (26) and (30) the voltage on the source can be rewritten to 
 
   
 
  
        (31) 
which with (28) and (29) gives 
 
   
 
  
    
    
  
 
   
  
       (32) 
According to (27) the voltages are equal, therefore 
 
   
 
    
          
  
  
    (33) 
The voltage is applied in the form of rectangular pulses with the height U0 
and the on-time THIGH and off-time TLOW. We assume the beginning of the pulse in 
the time t=0. The illustration of the pulses is presented in Fig. 9. Uz can be written as 
17 
 
                          (34) 
Here      is the Heaviside function. 
 
Fig. 9 Labeling and scheme of the applied pulses  
 
If we set (33) and (34) equal and use the Laplace transformation via formulas 
written in Ref. [21] on the equation, we get 
   
 
              
 




    
  
  
      (35) 
This can be rewritten to a better form for the reverse Laplace transformation 
 
      
  
     
 
          
  
 
         
 
(36) 
After the transformation we get the formula for the voltage on the sample 
 
      
  
     
         
 
              
  
       
   (37) 
where   is the dielectric relaxation constant 
             (38) 
18 
 
The time-dependent charge on the air gap is the difference between the source 
voltage and the voltage on the sample 
 
          
  
     
   
 
      
    
  
     
   
       
              
(39) 
With the relation 
          (40) 
We can determine the time-dependent charge on the capacitor of the air gap 
(for simplicity we from now on assume only the time where the pulse is applied to 
the circuit). 
 
              
  
     
   
 
   (41) 
The equation can be written in the form as published in [12]. 
 
         
    




     
      
 
   
         
  
 
     
      
 
   
(42) 
Important values are the ones in time origin and infinity 
 
        
    
     
 (43) 
3
            (44) 
Assuming the circuit fully discharged before the measurement, there is a 
charge built-up with the height according to (43) after the voltage is applied. After 
that the sample capacitor discharges itself over the sample resistance. In the end there 
                                                          
3
       will also be written as      
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is no charge on the sample and all of the charge is on the air gap capacitor, which 
shows the equation (44). 
Now the equation for the dielectric constant   (38), along with (43) and (44) 
can be put together 
 
        
  
     
     
     
     
 (45) 
And with the relations for resistance and capacity 
 









Here   is resistivity,       are permittivity and relative permittivity respectively,   is 
the area of the resistor or capacitor and   is its width. 
Because in our case the resistor and capacitor is the same sample, the areas 
and widths are the same and using (46), (47) they cancel each other out in the 
equation (45). Therefore the resistivity of the sample can be calculated from the 
dielectric constant   with the equation 
 
  
      
         
 (48) 
We can see that the resistance is determined by the relative change of charge 
on the air gap. This is measured with a charge-sensitive amplifier set parallel to the 
air gap as shown in Fig. 10. It gives voltage proportional to the charge on the air gap, 




Fig. 10 Electrical circuit of the TDCM  measurement  
 
The measured signals are evaluated with a fitting function; the charges in 
origin and infinity are determined, along with the dielectric constant. The fitting 
function is 
 
                                 
  
 
   (49) 
In the end the resistance is determined using a modified relation (48) 
 
  
               






3  Experimental setup 
 
3.1  Contactless resistivity measurement 
 
In Prague we used the commercially available COREMA-WT from Semimap 
Scientific Instruments GmbH, shown in Fig. 11. The measurement device is housed 
in a cca. 50x50x150cm box and connected to a computer with the evaluation 
software. This apparatus is able to measure wafers with diameter up to 150mm and 









Ωcm. The only 
requirement for the sample is for the lateral thickness to vary less the 20μm for the 
mapping measurement, which can be done with up to 512x512 pixels. The sensor 
size is 1mm in diameter and around it is a guard-ring which homogenizes the electric 




Fig. 11 Picture of measuring apparatus COREMA-WT: 
1-back electrode, 2-ring with LED diodes, 3-sensor and guard tubus, 
4-movement control in x,y axes, 5-z axis positioning control 
 
The single signal measurement can be done with 1024 or 2048 scan points 
with the time between these points (sweep time) from 0.01μs-1310μs, which means 
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that the frequency of the applied pulses can vary from 48kHz to 0.2Hz and only 
symmetrical pulses can be applied. 
It can be used for GaAs, InP, CdTe, GaN etc. 
As a part of Ref. [13] the apparatus was modified to measure 
photoconductivity. To the sensor tube a ring with LED diodes was attached with 
individual control and power supply. The ring can be swiftly changed to another one 
with different LED to vary the wavelength of the external illumination source. Used 
LEDs and their characteristics are shown in Table 2 and Table 3. 
diode L3989 
material InGaAs 
operating temperature TO -35 to 85°C 
forward current IF 80mA 
reverse voltage VR 3V 
typical peak emission wavelength, IF=50mA 830nm 
spectral half width, IF=50mA 40nm 
 




operating temperature TO -20 to 80°C 
forward current IF 100mA 
reverse voltage VR 5V 
typical peak emission wavelength, IF=20mA 1720nm 
spectral half width, IF=20mA 130nm 
 
Table 3 Properties of diode ELD-1720-535  
The sample resistivity is measured with and without the illumination and the 




      
 
 
     
 (51) 
At FMF Freiburg, basically the same setup is used, but an external pulse 
generator forms the applied pulses. Parameters of the pulses can be adjusted within 
the generator, but the pulse voltage can be only 10V high. The signal of the sensor is 
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taken by an oscilloscope and sent to a computer with evaluation software. The 
evaluation occurs with a LabView program, where the equation (50) is fitted to the 
measurement. Here photoconductivity can also be measured. One LED diode is 
placed from the top into the sensor tube and through reflection on the tube wall the 
light reaches the sample. Due to the better option of setting the measurement 
parameters, the apparatus is widely used in CdTe characterization, e.g. Ref. [22]. 
 
3.2  Photoluminescence 
 
The photoluminescence spectra have been measured in Prague, using the 
setup shown in Fig. 12. 
 
Fig. 12 Photoluminescence measurement setup  
 
The sample is placed into a cryostat and using liquid helium it is cooled down 
to 4.2K. Then it is illuminated with a Radius He-Ne laser (λ=633nm) or with Spectra 
Physics 3900S Ti:Sapphire laser (tunable in the range 1.13 – 1.64eV). The 
photoluminescence spectrum is then filtered from the excitation light and evaluated 
with Bruker IFS 66/S Spectrometer.  











Si 1.05 – 1.82 eV 295 K He-Ne 
Ge 0.71 – 1.47 eV 77 K He-Ne 
InSb 0.45 – 1.75 eV 77 K Ti:Sapphire 
 




In this measurement, only Si and InSb detectors were used to study the 
shallow level and deep level energy, respectively. The cryostat is outfitted with a 
motor driven positioning system with micrometric accuracy. So a photoluminescence 




4  Results 
 
4.1  Adjusting the experiment setup 
 
We modified the resistivity apparatus in Freiburg. Now the source of the 
pulses is an external voltage generator, which is connected to the back electrode 
through STMicroelectronics L298 H-Bridge. With this setup, voltage up to 45V can 
be applied on the apparatus electrodes. The experiment is controlled with a National 
Instrument Drive Card and thus all parameters can be adjusted, e.g. the pulse length, 
the time delay between two pulses, number of pulses measured etc. The evaluation is 
done externally with a Matlab program. 
 
4.2 Contactless resistivity measurement method 
evaluation 
 
On various CdTe samples measured with the COREMA measuring system, a 
change in the calculated resistivity is observed dependent on the change of the sweep 
time, meaning frequency of the pulses. As an example for this and further 
measurements a sample E50I1 was chosen. This sample is an undoped CdZnTe with 
3.5% amount of zinc, grown at the Institute of Physics of Charles University in 
Prague. It was grown by the VGF method. The sample was taken from the center part 
of the ingot. At first a resistivity map with the sweep time of 20.48μs was measured 
as a further reference. Then three measuring points were selected and labeled dot1, 




Fig. 13 Resistivity map of E50I1 and the labeling of measurement points 
 
In each of the points resistivity was measured with five different sweep times, 
the parameters were averaged from 64 measurements. The results for dot1 are shown 

















































Table 5 Frequency dependence of E50I1, dot1  
We can see that the evaluated resistivity almost doubles with the decrease of 
the frequency of the pulses, as do   and     . On the contrary, the value of the 
dielectric charge    remains relatively the same. With a lower frequency, the 
goodness of fit appears to be better. To explain this behavior we have developed a 
                                                          
4
 Goodness of fit calculated by Corema-WT 
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theory of the charge carrier transport including the energy levels in the 
semiconductor. 
First approach to the problem was to take the Shockley-Read recombination 
model with the assumption of one deep level localized on the surface and to calculate 
the dynamics of the free electrons at the surface and the electrons trapped at the deep 
level. The kinetic equations were 
   
  
        
   
  
    
(52) 
where    is the Shockley-Read recombination (9) without the generation parameter
5
. 
In this first approximation the conductivity is a constant. In the moment of 
measurement, the electron concentration varies a little from the equilibrium state and 
the following equation is valid 
         
           
(53) 
If we apply this to (52) and calculate only for the concentration changes in the 
simplest approximation taking linearized form of    and assuming the electric field E 
to be consisting of the initial value E0 and of a component that screens it, depending 
on the carrier concentration, with the parameter   
                (54) 
we get the equation (here written in a matrix form) 
 
 
   
    
      
             
            
     
  
  
    
  
   
 
  




The eigenvalues and eigenvectors to this equation without the constant part 
are 
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where                and therefore the solution of the homogeneous 
equation reads 
                    
     
          
            
              
 (57) 
This is equal to the state when the voltage isn’t applied to the measurement 
circuit. But the mechanism for charging and discharging a capacitor should be the 
same. Now it is clear that if we calculate the charge carriers contributing to the 
measurement           , the exponential function with trapping rate and 
carrier concentration dependence falls out. Therefore only the electrons which are 
regrouping to screen the electrical field contribute to the measurement. As a 
conclusion of this theory, the assumption that the resistivity changes due to a deep 
level trapping and emitting charge carriers does not seem to be valid. 
 
In the next model we take into account that the resistivity can be dependent 
on the electric field throughout the sample. From now on we calculate only the whole 
change of the charge carriers           and assume local equilibrium between 
free and trapped electrons, i.e. fast charge exchange between trap and band. Because 
of Eq. (52) it is clear, that the change of charge carrier concentration in time is 
affected only by the electric field and conductivity, which we now develop to the 
first degree of Taylor’s expansion. 
 
             
  
  
             (58) 




    
  
    
                                  (59) 
First we calculate the roots of this quadratic function and the solution to the 
differential equation we get using partial fractions 
 
 
   
  
   
   
       
   
 
   
   
  
 
     (60) 
After integration of (60) and another editing, we get the temporal 
development of the charge carriers 
 





                 
 (61) 
Here the C is an integration constant that serves as a shift in time, so a singularity 
wouldn’t be in the origin of time. 
Determination of the origin also gives the start amount of free electrons. 
Therefore if we want the charge in the moment of the voltage application to be zero, 
we can simply subtract the same equation in    . In the whole calculation we 
assumed only the charge that charges a capacitor, but in the case of dielectric 
material after voltage application, a polarization charge is established within 
picoseconds. The measurement time and sampling rate of the measuring instrument 
is higher than the time of polarization and therefore a polarization charge    
  
(parallel to    in (43) must be included in the equation. The final equation for the 
charge carriers in dependence on time is 
    
  
                 
 
  
       
    
  (62) 
 
To further understand the frequency dependence of resistivity the samples 
were measured at FMF Freiburg, where the frequency step between measurements 
can be better adjusted and asymmetrical pulses can be applied. The measured 
samples were E50I1 from Prague and two standard commercial CdTe:Cl detector-




sample material doping resistivity (Ωcm) manufacturer 
ARSP-2 CdTe Cl  2∙10
9
 Acrorad Co.Ltd. 
ARSP-3 CdTe Cl  5∙10
9
 Acrorad Co.Ltd. 










At first the resistivity was mapped on all the samples just to determine the 
spatial distribution and to decide if only one representative point measurement can be 
measured on the sample or if the resistivity varies too much and more point 
measurements must be done to fully evaluate the behavior of the sample. The 
resistivity distribution was already measured on the E50I1 sample in Prague, so the 
same measurement points were set, see Fig. 13. As seen on Fig. 14, the Acrorad 
samples have a good homogeneity of the resistivity, so one measurement point was 
set in the middle of the topograms. 
 
 
Fig. 14 Resistivity map of ARSP-2  
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 Sample was grown at Technical laboratory of Institute of Physics of Charles University, Prague 
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4.3  Resistivity dependence on time delay between 
pulses 
 
In order to understand the details of charge transport asymmetric pulses were 
applied to the sample with the on time of              and the time     , where 
no voltage is applied, was altered. In every measurement the bias pulses of 10 volts 
were used and 1000 pulses were measured and averaged to decrease inaccuracy of 
the measurement instruments. All the parameters were evaluated using Eq. (50) with 
a Matlab program. As a representative the Acrorad Sample ARSP-2 was chosen. The 
summary of other samples is shown in Table 7. 
 
 
From Fig. 15 we can see that the resistivity seems to increase with a higher 
time delay between the applied pulses. The relative change in the resistivity related 
to the lowest value is about 13%. But if we check the same dependence of all the 
measured parameters on Fig. 16, Fig. 17 and Fig. 18, we can see that the charge    
almost doubles in the measurement,      increases by more than half and   has a 
descending trend with a longer pulse delay. According to the theory presented above, 
 
Fig. 15 Resistivity dependence on time delay between the pulses 




the initial charge should be constant and not dependent on the pulse length. This 
phenomenon will be discussed below. 
 
Fig. 16 Initial charge dependence on the time delay between pulses  
 
 




As Eq. (38) shows,   is the parameter that is bound to the resistivity we want 
to evaluate. Now it’s clear that the change in resistivity is caused by the behavior of 
the evaluated charge parameters and has an inverted dependence to the parameter  , 
to which it should corelate. 
 
 




The change in the initial charge is included in Eq. (61) in the parameter  . It 
is probable that in the first applied pulse the charge is transported within the sample 
and when the voltage is turned off, the charge tries to go back to reach an 
equilibrium. If the turn-off time is too short, the charge does not manage to return to 
the starting state. Then in the next voltage pulse this charge is already present and the 
initial charge is not only the polarization charge, as described in (62). 
But the assumption is that this charge is insignificant compared to the    
 . 
By increasing the delay between the pulses, the charge has more time to relax and 
therefore the measured charge    should decrease with the increased      or not 
change at all. To support this statement we can look at the measurement with 
Corema-WT shown in Table 5, where we can see that the initial charge varies very 
little. Therefore the change in the    in measurement in Freiburg is attributed to the 
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scanner and charge amplifier characteristics and from now on we discuss only the 
parameters   and     .  
 
tendency of change relative to the lowest value 
sample ρ Q0 Qinf τ ρ (%) Q0 (%) Qinf (%) τ (%) 
ARSP-2 I I I D/S 13.25 99.66 58.07 6.01 
ARSP-3 I I I D 15.08 100.22 58.08 10.0 
E50I1, dot1 I I I I 15.78 54.54 57.89 20.92 
E50I1, dot2 I I I D/S 7.91 57.52 36.86 9.99 
E50I1, dot3 I I I D/S 43.70 124.07 52.11 2.96 
 
Table 7 Dependencies and relative changes of measured 
parameters on all used samples; I-increasing, D-
decreasing, S-partially stagnating 
 
 
We apply the equation (62) to the interface of the sample and the air gap, 
where the measurement actually occurs. The parameter    depends on the band 
bending. There are four possibilities depending on the conductivity type of the 
sample and the sign of   . First two choices are an n-type material with bands curved 
downwards and a p-type with bands curved upwards. This would mean that the 
surface is more conductive than the bulk and the charge would be faster dispersed on 
the surface. With the guard ring around the scanner this would produce a perfect 
resistivity measurement with this method and no frequency dependence effect could 
be visible. Other two choices are a p-type with bands curved downwards and an n-
type upwards. Now we move to the representation, where throughout the 
measurement of one period (the time of pulse on and off) an average electrical field 
of 
 
    
                   
          
 (63) 
lies on the sample. It means that with a longer time delay the average field decreases. 
We assume that the bulk majority charge is measured.  
The results can be explained using a changing barrier on the surface. With 
longer pulses, i.e. decreased average field, the resistivity decreases. That means the 
barrier must be smaller with a lower average electric field. The scanner applies a 
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negative voltage to the sample in our scheme and therefore we choose to investigate 





Fig. 19 Arrangement of the Seebeck effect measurement  
 
This choice is supported with a measurement of thermoelectric effect, shown 
in Fig. 19 and Fig. 20. In this measurement we observed decrease in the magnitude 
of negative electrical current when the cathode was heated. This result corresponds to 
the situation when electrons are transported in temperature gradient to the upper 
contact (cathode) and screen the positive charge there. Therefore the conductivity of 
the sample is of n-type. 




Now we investigate what happens with the band structure in the time delay 
measurement. With no voltage applied the bands are bent upwards and the sample is 
in an equilibrium state, as shown in Fig. 21. 
 
 




The curvature of the bands is given by the charged acceptors on the surface of 
the sample. When the voltage is applied, the Fermi level turns to an electrochemical 
potential and the band structure tilts (Fig. 22). Electrons are pulled away from the 
surface, whereas holes, which begin to screen the potential, are attracted to it. 
The total voltage on electrodes must remain the same through the whole 
measurement and the slope of the potential in the sample decreases due to charging 
of the surface layer and screening of the electrical field. Simultaneously, the slope of 
the potential on the air gap must increase. The application of the voltage entails that 
the electrons are pushed away from the surface and the Fermi level shifts towards the 
valence band and so less acceptors on the surface are charged
7
 as shown in Fig. 23. 
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Fig. 22 The tilted band structure immediately after application of 




Fig. 23 Straightening of the band structure, shielding the potential 
on the air gap, t ≈ 1ms 
 
 
Even with less surface charged acceptors the band bending increases because 
of relatively higher potential on the air gap, which repels electrons and results in an 
extension of positively charged region in the bulk. 
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Finally, in the limit of infinite time the band structure becomes almost as in 
the initial state with an exception of lower Fermi energy at the surface and larger 
band bending so that the Fermi energy tends to the equilibrium farther in the bulk, 
see Fig. 24. 
 
 
Fig. 24 The band structure in the infinite time, t ≈    
 
Now we can see that the application of the electric field actually bends the 
bands and tilts the whole band structure, so that the electrons must overcome a higher 
barrier to get to the surface. Thus fewer electrons get to be measured by the sensor. If 
the time delay between the pulses is higher (meaning the average voltage is lower) 
the surface barrier becomes effectively lower and more electrons may contribute to 
the conductivity measured. 
This means that with a lower average voltage applied a higher conductivity 
(lower resistivity) is measured, which is consistent with the measurement shown in 
Fig. 18 and Table 7. 
 
4.4  Resistivity dependence on frequency 
 
On all of the samples a frequency dependency with symmetric pulses was 
also studied and is representatively shown on the sample ARSP-2. The tendencies 
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and relative changes in the parameters of the other samples are shown in Table 8. 
Unfortunately same frequencies as studied in Prague could not be measured in 
Freiburg because of the apparatus setup and parameters; however the range of 25-
100Hz could be investigated in smaller steps. 
 
 
Fig. 25 Frequency dependence of resistivity on sample ARSP-2  
 
In Fig. 25 we can see that the resistivity decreases with a prolonged time delay 
between the pulses. But now not only this delay varies, but also time      , when the 
pulse is applied to the sample. The decreased resistivity with lower frequency seems 
to be in contradiction with the previous measurement (time delay between the pulses 
dependence). Also some points, which do not follow the general tendency can be 
seen. If we look closer Fig. 25 seems to have resonance peaks at the frequencies 
20Hz, 40Hz, 60Hz and 80Hz, which will be looked at closer below. To better 
understand the behavior in this experimental setup, the individual parameters must be 




tendency of change relative to the lowest value 
sample ρ Q0 Qinf τ ρ (%) Q0 (%) Qinf (%) τ (%) 
ARSP-2 D D S S 42.64 20.15 3.43 18.35 
ARSP-3 D D I/S I 21.80 22.79 3.44 14.08 
E50I1, dot1 I/S D/S I I 68.11 15.96 96.31 409.39 
E50I1, dot2 D D S I/S 70.96 61.38 2.50 12.12 
E50I1, dot3 D D S I/S 45.54 53.72 5.87 13.05 
 
Table 8 Tendencies and relative changes of parameters; 




Fig. 26 Frequency dependence of the charge    on sample ARSP-2  
 
 
As we can see on Fig. 26 the initial charge has a decreasing tendency with longer 
pulses and off-time between them. The tendency is inversed compared to the results 
from the time delay between pulses measurement. However, in the interpretation we 
must be careful, because the experiment setup is different. From Fig. 26, Fig. 27 and 
from Table 8 we can see that the change in the initial charge    relative to the lowest 
value is about 20 percent. The infinite charge however varies only about 3 percent. 
This supports our claim mentioned above that the measured change in    is 
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contributed to the characteristics of the charge-sensitive amplifier and further signal 






Fig. 27 Frequency dependence of the charge      on sample ARSP-2  
 
Now we can assume      to be almost constant. If we look at Fig. 28, we can 
see that in the dependence of the dielectric constant   there seem to be some 
resonance peaks, which correspond to the offset points in Fig. 25. The same points 
are visible in Fig. 27. The resonance at the frequencies of n-times 20Hz is not likely 
attributed to some response of the sample. Therefore they seem to be some artifacts 
of the measuring apparatus and should be excluded from the parameter evaluation. 
They were not visible on measurements of all the samples.  
For comparison results of the sample ARSP-3 are shown in the Fig. 25 and 
Fig. 28. 
 
                                                          
8
 The assumption is that the value of the charge measured long after the start of the measurement is 
almost not influenced by the response function of the charge sensitive amplifier. The measured value 
can have a systematic error, which is neglected here. 
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Now we evaluate the tendencies of the measured parameters. The decrease of 
   is contributed to the characteristics of the charge-sensitive amplifier,      and   
seem to be constant. If we try to explain this experiment with the approach used 
above, we now have an average field that is constant throughout the whole 
measurement, because we use symmetrical pulses, so the field is on the same amount 
of time as it is off in all the measurements. With this fact, we see that using our 
theory of the tilting of bands as a result of the average field application, the 
resistivity,      and   should be constant. 
 
 




Now if we look at Table 5 and Table 8, we see that with lower frequency the 
relaxation time   increases and so does the ultimate charge. The behavior of both 
parameters is similar in both measurements, but on the TDCM in Freiburg other 








If we take a look at the behavior of the relaxation constant measured on 
COREMA, we see that with lower frequencies the parameter value increases. This 
seems to be in contradiction with the results of the time delay dependence 
measurement. Here we must be cautious because here not only the time between the 
pulses changes, but also the on-time of the pulse. On (62) we can see that the 
relaxation process is a function, which varies slightly from an exponential function. 
In both measurement sets we actually study other parts of the process. In Fig. 30 we 
can see a scheme of what parts of the relaxation process is actually measured. 
 
In the time delay study the pulse-on time remains constant, the whole 
measurement corresponds to the first part of the function. Only fast processes can be 
measured here. But in the frequency dependence investigation, we prolong the 
measurement time and thus slower processes, such as trapping at slow trap or 
recombination center, can contribute to the result and effectively increase the 







Fig. 30 Example of non-exponential charge transport behavior and 




For the practical utilization of features discussed above, we should disclose 
the proximity of determined data to the real bulk resistivity of the measured samples. 
Based on the theory introduced above, we may summarize that the deviations 
of the resistivity are due to band bending, which depletes the surface layer and 
increases the resistivity in that region. The variations at the resistivity may be thus 
used as the simplest test of the effect of band bending to the evaluated resistivity. 
Simultaneously, the lower band bending reached by longer      in the first case or 
by high frequency in the second case assures resistivity more closely to the right 
value. Nevertheless, as an exact band bending cannot be determined in these 
experiments, the real bulk resistivity may be only guessed as lower than the 
minimum value found in reported measurements. 
The decreased resistivity with lower frequency measured with the TDCM 
method in Freiburg is assessed as the effect of the change in the initial charge. 
However the tendencies of parameters      and   are in agreement with the 
presented theory.  
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4.5  Resistivity and photoconductivity 
 
The possible correlation between resistivity and photoconductivity has been 
studied using the modified Corema-WT apparatus described in Ref. [13]. The 
purpose of the investigation was to first of all localize areas of lower 
photoconductivity, which should correspond to areas with increased concentrations 
of recombination centers. The second purpose was to look whether the distribution of 
photoconductivity is in some relation to other physical properties (resistivity, 
photoluminescence) and to the growth conditions.   




























Table 9 Samples used for resistivity, photoconductivity and deep 
level spectroscopy measurement 
 
 
The samples used in this measurement were E50I1 and E50I2. Furthermore 
two CdZnTe samples grown at the University of Madrid were investigated (labeled 
Madrid1 and Madrid2). These samples were grown using the VGF method, each one 
was grown with a different temperature gradient setting. Detailed description of the 
growth method, the set of growth parameters and Figs of the crystals are shown in 
our Ref. [24]. For the purposes of our investigation the fact was important, that in the 
growth of the first ingot the temperature gradient was constant whereas with the 
second ingot the gradient was adjusted during the growth phase. The samples were 
harvested from the middle section of the ingot along the axial direction. 
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 Further referred as sample No.1 
10
 Crystal Growth Laboratory of Universidad Autonoma de Madrid 
11
 Further referred as sample No.2 
12




The resistivity and photoconductivity investigation was done with the 
autotune setting on the measurement device. This means that after measuring one 
pulse, the sweep time (see above) is automatically set to the one that has the best 
goodness of fit parameter. 
First of all the resistivity maps were measured. 
 
Fig. 31 Resistivity map of crystal No. 1  
 
 
Fig. 32 Resistivity map of crystal No. 2  
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From the Fig. 31 and Fig. 32 we can see that both crystals have a maximum 
of resistivity located near the beginning of the sample, meaning close to the middle 
of the grown crystal. However, in the second sample, where the temperature gradient 
was adjusted, the region of high resistivity seems to be spread on a larger region of 
the crystal. This means that more of the ingot can be potentially usable as a radiation 
detector, if other important parameters, like the mobility-lifetime product, also fulfill 
the requirements on detector-grade crystals. 
The charge collection efficiency is a parameter that quantifies the ability of a 
material to be used as a detector. This can be characterized with the lifetime-mobility 
product of electrons Ref. [24]. The modified Hecht relation (Ref. [25]) connects 
photoconductivity and the lifetime-mobility product. As described in Ref. [26], [27] 
the charge collection efficiency distribution can be predicted by mapping of the 
photocurrent. 
In Fig. 33 and Fig. 34 photoconductivity map of the samples is shown. The 
LEDs with the maximum peak intensity at 830nm were used as the illumination 
source, see Table 2. 
 
 





Fig. 34 Photoconductivity map (with LED 830nm) of crystal No. 2  
 
We can see that the first sample has a small region of decreased 
photoconductivity at the end. The sample No. 2 has generally lower values of 
photoconductivity.  
To highlight the differences between the two samples, line profiles along the 
growth axis were made. 
In Fig. 35 we can see that in the first sample resistivity reaches a maximum 
and further from the sample edge the resistivity decreases relatively rapidly. The 
sample No.2 has a lower resistivity maximum, but the further decrease is up to a 
certain point smaller than in the first sample. So, the resistivity appears to be more 
homogeneous in a larger region of the sample. Towards the end resistivity of both 
samples falls rapidly. 
The difference in the maximal value of resistivity between the two samples 




Fig. 35 Resistivity profiles of both crystals, through the middle of 




Fig. 36 Photoconductivity profiles of both crystals, through the 





Photoconductivity profiles of both samples have a falling tendency. On the 
edges, the photoconductivity seems to rise. But as discussed in Ref. [13], the 
photoconductivity mapping
13
 on the edges of samples can have a greater 
measurement error. This is because of the reflection of the radiation on the apparatus 
electrodes and scattering on the sample’s edge. Therefore these few millimeters of 
the edge should be excluded from the evaluation. Photoconductivity of sample No. 2 
seems to have a local maximum just in front of the point, where resistivity has a turn 
and starts to fall rapidly. Connection between resistivity and photoconductivity for 
both samples is better displayed on Fig. 37 and Fig. 38, respectively. 
 
 
Fig. 37 Profile of the resistivity and photoconductivity in crystal No. 1 
 
On sample No.1, in the first section the resistivity increases to its maximum 
and photoconductivity is declining throughout the whole sample, with a small 
stagnating phase. The parameters are therefore anti-correlated in the beginning. After 
the resistivity starts to decrease both measured variables correlate till the end of the 
sample. 
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Fig. 38 Profile of the resistivity and photoconductivity in crystal No. 2 
 
In the second sample resistivity has its maximum almost directly at the 
beginning and then it is slowly decreasing. The photoconductivity decreases through 
the sample. It has a small local maximum, but then starts to fall again. The values are 
systematically lower than in the first sample. But as in the sample No. 1 at first the 
parameters seem to anti-correlate in the region before the resistivity maximum. After 
that towards the end they are in correlation with a small anti-correlation phase, 
because of the local maximum of photoconductivity. 
This behavior can be explained with a model where the resistivity change is 
due to change of the Fermi level. This model was proposed in Ref. [28], [29]. 
Occupation of some deep level close to the middle of the band gap can 
change if the Fermi level shifts. This will influence the trapping/re-trapping rates of 
this level and thus also the electrical and photoelectric properties of the material. 
Both the anti-correlation and correlation section can be described using this model. 
The mechanism can be illustrated with an n-type sample with deep level and 
the Fermi level change towards the valence band, see Fig. 39. By lowering the EF the 
electron occupation of the deep level decreases and the resistivity increases because 
of the compensation effect described above (Fig. 39a). 
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  (a)     (b)             (c) 
The maximal resistivity is achieved when the Fermi level coincides with the 
deep level (Fig. 39b) (the position of the deep level is assumed in the middle of the 
gap). With the decrease of the electron population of the deep level its trapping and 
recombination rates increases. This lowers the photoconductivity. 
 
Fig. 39 Scheme of the theory of the Fermi level shift  
 
As the Fermi level shifts further relative to the deep level, the resistivity and 
photoconductivity decrease (Fig. 39c). In this phase both parameters correlate. 
This means that the conductivity type changes near the point where the resistivity 
passes through the maximum. However the type of conductivity was not measured. It 
is assumed to be an n-type here because of the substantially higher electron mobility 
in CdTe and CdZnTe. 
This mechanism and behavior was described in Ref. [26], but only anti-
correlation of resistivity and photoconductivity was measured on the CdZnTe:In 
crystal. In the current work a transition between anti-correlation and correlation near 
the theoretical maximum can be observed. This can represent an argument for the 
validity of the proposed theory. 
To furthermore support the presented theory of the Fermi energy shift 
photoluminescence spectra of the second crystal were measured. The experiment was 
conducted under the temperature of 4.2K and it was done by the measurement setup 
described above. The spectra measured at the beginning and at the end of the sample 




Fig. 40 Photoluminescence of crystal No.2  
 
Focused on the midgap level (around 0.85eV) we can see that towards the end 
of the sample the photoluminescence increases. This may reflect also a change in the 
level occupation, caused by the Fermi energy shift. When the deep level empties 
itself, the radiant transitions with the conduction band become more frequent. This 
increases the intensity of the measured photoluminescence. 
The measurement therefore supports the idea that a change of the equilibrium 




4.6  Resistivity, photoconductivity and deep level 
spectroscopy correlation 
 
As shown above, study of deep level luminescence together with resistivity 
and photoconductivity can be a powerful tool to characterize the material. To 
increase our understanding of recombination processes in CdTe and CdZnTe  
photoluminescence
14
, resistivity and photoconductivity of samples E50I1 and E50I2 
were measured. The crystal E50I2 was chosen as a representative, the summary of 
evaluation of the sample E50I1 is shown in Fig. 50. 
 
 
Fig. 41 Resistivity map of sample E50I2  
 
On Fig. 41 and Fig. 42b we can see that the photoconductivity with the 
source LED 1720nm is in anti-correlation with the resistivity in the central part of the 
sample. Edge effects can influence the photoconductivity results. Therefore values 
near the edges of the samples may not be correct.  
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Fig. 42 Photoconductivity map of E50I2 with the illumination source  
(a) LED 830nm, (b) LED 1720nm 
 
 
To better the understanding of the connection between resistivity and 
photoconductivity, a vertical profile in the middle of the sample was made. 
 
 
Fig. 43 Resistivity and photoconductivity profile of E50I2  
 
In Fig. 43 we can see that the photoconductivity (830nm) indeed has a good 
anti-correlation to the resistivity. The mean wavelength of the LED 1720nm is equal 
to 0.721eV mean energy of the photon incoming on the sample. This is very near the 
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midgap energy and therefore the signal can reflect the concentration of deep levels 
present in the material. 
The deep level photoluminescence on the sample E50I2 was measured using 
the germanium detector, on the other sample (E50I1), InSb detector was used. 
 
 
Fig. 44 Photoluminescence measurement of one point of sample 
E50I2 using the He-Ne excitation laser and Ge detector 
 
 
Fig. 44 shows one photoluminescence measurement of the sample E50I2. 
From such measurement the range of significant peaks was determined. Within this 
range the peak was integrated and the value of the integral used as a 
photoluminescence parameter of this peak and the connected deep level. In the 
measurement of both samples, three deep levels were significant, see Table 10. 























= 1.24-0.93eV = 0.89-0.70eV = 0.68-0.42eV 
 






Fig. 45 Deep level photoluminescence of E50I2 peaks 
 (a) deep level 1: 1.28-1.04eV, (b) deep level 2: 0.90-0.71eV, 
(c) deep level 3: 0.66-0.46eV 
 
 
The photoluminescence maps were made with a 1mm step in horizontal and 





comparison with resistivity and photoconductivity, a vertical profile of 
photoluminescence through the middle of the sample was made. 
 
Fig. 46 Photoluminescence profile of E50I2  
 
The profile shows that the luminescence of the deep level with highest energy 
(1.28-1.04eV) is most visible. All the signals have a small rise phase on the 
beginning of the sample. The PL intensity of the midgap level (deep level 2) 
increases throughout the whole sample. In closer look at the other two levels (deep 
level 1 and deep level 3), we can see that the PL intensities are in anti-correlation. It 
is mostly visible in the beginning of the sample, after the rise phase. Now we can 
compare Fig. 43 with Fig. 46. As a helping tool, all the profiles have been 





Fig. 47 All measured parameters relative to their highest value in profile 
 
We can see that the intensity of photoluminescence of deep level 2 increases, 
but has little turns in the point where resistivity changes (approx. At x=14 and x=22). 
Meaning there can be a connection between the occupation of the midgap level and 
the resistivity as discussed above. But here also parameters of the other deep levels 
would have to be included in the theory. 
In the first part of the sample the resistivity anti-correlates with the deep level 
1 and correlates with deep level 3. Around the middle the trends are turned and 
resistivity starts to correlate with deep level 1 and anti-correlates with deep level 3. 
Since the photoconductivity with LEDs 1720nm almost fully anti-correlates with 
resistivity, the relation to the deep levels is reversal to their connection with 
resistivity. The photoconductivity with LEDs 830nm shows a part time correlation 
with deep level 1 (in the first half of the sample) and a correlation with deep level 3 
(towards the end of the sample). 
The connection between resistivity, photoconductivity and the deep level 
spectroscopy can be explained as above using the Fermi energy shift relative to the 
near to midgap deep level.  
First we compare the measured energy levels with the ones described in Ref. 
[30]. Deep level 3 seems to be the level G (see Ref. [30]), which is          . 
60 
 
The level lies in the upper half of the band gap. Deep level 2 (         ) seems to 
coincide with the level H. This is the near midgap level. The last level (deep level 1, 
        ) matches the level I. 
 
 
Fig. 48 Observed deep levels compared with levels described in Ref. [30] 
 
In the region with the resistivity minimum (15-25mm, region with greatest 
parameter change) the concentration of deep level 3 rises. This changes the 
compensation conditions. As a result, the Fermi level shifts towards the conduction 
band. Due to the Fermi level shift the resistivity is lowered. A simple scheme of the 
process is shown in Fig. 49. The midgap level becomes more filled with electrons 
and therefore the photoluminescence transition between the conduction band and the 
midgap deep level 2 diminishes a little in this region. Increased filling factor of the 
midgap level also changes its trapping and recombination rates. Trapping of 
electrons is smaller and because of that the photoconductivity increases. Deep level 1 




Fig. 49 Energy scheme of the Fermi level shift of sample E50I2 
 




Fig. 50 Deep level spectroscopy on sample E50I1 
(a) Resistivity and photoconductivity profile 
(b) Deep level photoluminescence 
 
 
Here the resistivity in the region x=10-15mm rises. An inverse tendency 
relative to the sample E50I2 also supports the Fermi level shift theory. In the region 
with increased resistivity the photoluminescence of deep level 3 diminishes. The 




2 is decreased (see Fig. 51). Therefore more transitions between the conduction band 
and the near midgap level take place and the photoluminescence increases. Trapping 




Fig. 51 Energy scheme of the Fermi level shift of sample E50I1  
 
 Towards the end of the sample (x=15-30mm) the resitivity decreases. The 
evaluation of this region is the same as with the sample E50I2. Photoluminescence of 
deep level 3 increases, the Fermi level shifts towards the conduction band. 
Photoluminescence of deep level 2 and photoconductivity decreases.  
 
Deep level spectroscopy on samples grown in Prague was measured and 
compared in profile with resistivity and near midgap photoconductivity. Anti-
correlation between resistivity and deep level 3 (0.66-0.46eV on sample E50I2, 0.68-
0.42eV on sample E50I1) photoluminescence was observed. Correlation between the 
IR photoconductivity and deep level 3 photoluminescence was also observed. 
Changes in the near midgap level photoluminescence (deep level 2, see Table 10) 
were observed in the region with greatest resistivity decrease/increase. The behavior 
between resistivity and photoconductivity profiles can be explained using the Fermi 
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level shift theory. Changes in the photoluminescence of deep levels support the used 




5   Conclusion 
 
The time-dependent charge measurement (TDCM) apparatus in FMF 
Freiburg was modified for application of a higher voltage source. Also the operating 
control of resistivity and photoconductivity measurement was upgraded. 
A new set of LED for photoconductivity measurement with COREMA-WT 
was made. 
Change in resistivity was observed depending on the frequency of the applied 
pulses in the measurement with commercial COREMA-WT. This phenomenon has 
been investigated through time delay and frequency dependency with TDCM in 
Freiburg. 
Charge transport model using the Shockley-Read model with one deep level 
localized on the surface of the sample was calculated. This model did not seem to fit 
the measured tendencies of resistivity and other parameters. 
Another theoretical model was developed, where the conductivity of the 
sample depends on the electric field. This assumption results in band bending on the 
sample surface and non-exponential behavior of the charge transport. 
Changes of parameters, such as the dielectric relaxation time were observed 
in the time delay and frequency dependence measurement. The tendencies in both 
measurement sets fit the non-exponential behavior and can be explained with the 
theory presented. 
Connection between resistivity and photoconductivity was investigated on 
VGF grown samples. Correlation and anti-correlation between these parameters was 
observed and explained using the theory of the Fermi level shift relative to a midgap 
deep level. This was supported with measured photoluminescence of this deep level. 
Correlation and anti-correlation between measured deep level spectroscopy, 
resistivity and a near midgap photoconductivity was measured. Good correlation 
between photoluminescence peak of the deep level with energy around 0.5eV and 
infrared conductivity was observed. Correlated changes in the resistivity, 
photoconductivity and near midgap level photoluminescence were observed. 
Resistivity, photoconductivity and photoluminescence behavior was explained using 
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8 List of Symbols and Abbreviations 
 
    Concentration of deep level  
    Energy of deep level  
     15  Trapping cross-section for electrons, holes  
    Trapped electrons concentration on the deep level  
     Concentration of free electrons, holes  
    Speed of electron  
    Thermal release probability of electron  
    Fermi energy  
   Fermi-Dirac distribution  
   Boltzmann constant                       
   Temperature  
    Number of states in conduction band  
   Charge generation rate  
           Concentration of shallow acceptor, shallow donor  
and deep level 
 
           Radiative, non-radiative and general electron lifetime  
   Current density  
   Elemental charge                    
    Electron mobility  
   Electric field  
    Conductivity for electron  
   Photon flow  
   Absorption ratio  
     Depth and Area  
   Voltage  
   Charge  
   Capacity  
   Resistance  
   Current  
                                                          
15
 Every abbreviation with index p marks the same parameter, only for holes instead of electrons 
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   Resistivity  
       Vacuum and relative permittivity  
   Photoconductivity  
   Wavelength  
   Screening parameter  
IR 
conductivity 
 Photoconductivity with LED wavelength 1720nm 
illumination 
 
PL  Photoluminescence  
Fig. #  Figure #  
(#)  Equation #  
Ref. [#]  Reference #  
 
 
 
 
